We measured linear and quadratic dispersion on millimeter-length fibers, waveguides, and nanowires based on common-path spectral interferometry. We obtained the linear dispersion parameter, ␤Ј, with a relative precision of 1.45ϫ 10 −4 , and extracted the quadratic dispersion parameter, ␤Љ, from the [5, 6] , are favored. In spectral interferometry, fringes are produced by the interference of broadband light after propagating through a test path containing the device and a reference path. The spectral phase can be extracted from the fringe pattern, and higher-order dispersion can be directly derived. Since the variation of the spectral phase is small for short devices, accurate extraction of higher-order dispersion on millimeter-length devices has not been reported. Quadratic dispersion can be directly measured by employing a balanced dual-arm interferometer [5] . Given the limited bandwidth of the available sources, these interferometers would require the device to have a large dispersion-length product, rendering them impractical for mm-length devices.
Dispersion characterization of short fibers and waveguides is desirable to the design of fiber-based and integrated photonic devices such as nanowires [1, 2] and thermally poled twin-hole fibers [3] for nonlinear optics applications. Realizing such components requires a detailed knowledge of the device's dispersion. Often, lengths used in these applications are of the order of millimeters, and therefore interferometric techniques, either temporal [4] or spectral [5, 6] , are favored. In spectral interferometry, fringes are produced by the interference of broadband light after propagating through a test path containing the device and a reference path. The spectral phase can be extracted from the fringe pattern, and higher-order dispersion can be directly derived. Since the variation of the spectral phase is small for short devices, accurate extraction of higher-order dispersion on millimeter-length devices has not been reported. Quadratic dispersion can be directly measured by employing a balanced dual-arm interferometer [5] . Given the limited bandwidth of the available sources, these interferometers would require the device to have a large dispersion-length product, rendering them impractical for mm-length devices.
In this paper, we present a simple common-path interferometric technique to measure linear and quadratic dispersion parameters on a twin-hole fiber, an AlGaAs waveguide, and nanowires, all of which are millimeters in length. Our technique is based on extremely accurate measurement of linear dispersion from the spectral Fabry-Perot fringes generated by the reflections from both facets of the sample. The high accuracy is achieved using a moving spectral window, and the linear dispersion at the central wavelength of the window is obtained using Fourier analysis. As a result, measurement precision of 1.45 ϫ 10 −4 is achieved, which allows for accurate extraction of the quadratic dispersion. Though commonpath interferometers have been used in many applications [7] , it is to our knowledge the first time that common-path interferometry is used for quadratic dispersion measurement.
The essential element of this technique is to rely on the highly precise measurement of the linear dispersion so that higher-order dispersion parameters can be extracted accurately. The experimental setup ( Fig.  1) consists of a broadband source, a circulator, and the cleaved sample under test. Light from the broadband source is launched into the sample through the circulator and an angle-cleaved connector, which eliminates the reflection from the connector-air interface. The Fabry-Perot interference fringe pattern produced by multiple reflections from both facets of the sample is recorded on the optical spectrum analyzer.
To extract as accurately as possible the linear dispersion parameter, ␤Ј, defined as the first derivative of the propagation constant with respect to wavelength, we divide the total bandwidth into a number of overlapping wavelength windows (subbands) and assume a fixed fringe period in each subband. This assumption is valid when ⌬ j 2␤Ј͑ j ͒ / ␤Љ͑ j ͒, where ⌬ j and j are the width and the center wavelength of the jth subband, respectively. Under this assumption, ␤Ј at j can be measured either directly from the av- erage fringe period L j ,
or through Fourier analysis. Fourier series expansion of the normalized Fabry-Perot intensity is
where, a 0 , a 1 , and a 2 are the expansion coefficients; I j,max is the maximum intensity in the jth band; and d is the length of the waveguide. The Fourier transform of Eq. (2) gives a series of peaks, and ␤ j Ј can be measured directly from the index of the first peak, m p,j , as follows:
where M is the total number of samples in the Fourier domain and ␦ is the wavelength sampling step. Both methods return ␤Ј across the total wavelength range with a coarse wavelength resolution that equals the separation between the centers of the subbands. ␤Љ at each wavelength, j , is calculated by fitting ␤Ј͑͒ to a second-order polynomial around j , and ␤Љ͑ j ͒ equals the linear term coefficient. The group effective index N g , dispersion coefficient ͑D͒, and group velocity dispersion (GVD) can be directly calculated from ␤Ј and ␤Љ as follows:
where D =−͑2c / 2 ͒ GVD. We used this method to measure the dispersion parameters on three samples: a 6 mm long twin-hole fiber, a 2.88 mm long AlGaAs waveguide, and a set of Al 0.2 Ga 0.8 As nanowires of various widths and lengths. The fiber sample consisted of a 4.5 m radius Ge-doped silica core between two 45 m radius air holes. The waveguide consisted of a 1.5 m Al 0.18 Ga 0.82 As core layer, surrounded by Al 0.24 Ga 0.76 cladding layers (1.5 m above and 4.0 m below), grown on a GaAs substrate with a 3.5 m wide and 2 m deep ridge. The nanowire samples had lengths of 0, 300, 600, and 1000 m, and the core height was 500 nm. The wires were fed by a 2 m wide waveguide and a 150 m long taper. The full structure was 2.4 mm long.
We estimate the appropriate subband widths, assuming ⌬ is two orders of magnitudes less than the ␤Ј to ␤Љ ratio and using Eq. (4). For the fiber sample, we used the D and N g values of the SMF-28 fiber. For waveguide/nanowire samples, we used the effective index method. As a result, the estimated maximum subband width is 4.17 nm for the fiber sample and 11.85 nm for the waveguide and nanowires. Hence, in all the measurements we used a 3 nm subband width.
The sources used in our measurements were an erbium-doped-fiber amplified spontaneous emission source (50 nm bandwidth) for the twin-hole fiber and an Agilent 83437A broadband source ͑250 nm͒ for the waveguide sample and nanowires. For all cases, we found there was no need for phase stabilization during measurement. The average fringe period L j of each subband is measured using a peak-finding technique after smoothing the data (moving average). This results in a ␤Ј measurement standard deviation of 0.025% for the fiber sample and 0.052% for the waveguide sample. A more accurate result can be achieved using Fourier analysis, where a fast Fourier transform technique is applied. The resulting standard deviations are 0.017% for the fiber and 0.014% for the waveguide, roughly a factor of 2 improvement in standard deviation over the direct measurement of the period. The multiple facets' reflections have no effect on the Fourier analysis, as only the first peak is considered.
Figures 2(a) and 2(b) depict the measured ␤Ј and ␤Љ respectively, for the twin-hole fiber using the Fourier analysis. These results show a good agreement (difference less than 0.45%) with those obtained from balanced Michelson interferometer measurements with a 10 cm piece of the same fiber. The measured dispersion parameters for the waveguide (Fig. 3) show a good agreement with the simulated disper- sion using the effective index method [8] , with discrepancies of less than 0.9%. This can be attributed to the uncertainties in the simulation parameters. Using Eq. (6), the measured D and GVD at 1550 nm are −1036.5 ps/ nm.km and 1.32 ps 2 / nm, respectively, which are close to the reported bulk Al 0.2 Ga 0.8 As parameters (͉D ͉ = 1000 ps/ nm.km and GVD= 1 ps 2 / nm) [9] . The differences are due to waveguide dispersion and the core material's being slightly different ͑Al 0.18 Ga .82 As͒.
Finally, we apply our technique to AlGaAs nanowires and show that this structure exhibits strong GVD inversion for submicrometer-wide waveguides (around 400 nm in Fig. 4) , which has been recently predicted theoretically [1] . We used nanowires of various lengths to calibrate out the dispersion of the feed waveguides and the tapers. The calculated and measured GVD at 1.55 m show that, for waveguide widths between 670 and 281 nm, the strong field confinement dominates the material dispersion and leads to an inversion of the GVD of the TE mode. Here, the vertical error bars of the measured data points have been obtained by bootstrapping the measured fringe periods. This is to our knowledge the first experimental demonstration of GVD inversion in nanowires by direct measurement.
We have presented an interferometer technique for the measurement of linear and quadratic dispersion parameters (␤Ј and ␤Љ) on short waveguide samples using a common-path interferometer. The fiber-based technique is simple and does not require active stabilization. We applied this technique to a 6 mm long twin-hole fiber, a 2.88 mm long AlGaAs waveguide, and nanowires that exhibit GVD inversion. The high accuracy and high resolution in ␤Ј were achieved by dividing the working wavelength range into a number of overlapping subbands and extracting the fringe period using Fourier analysis. The standard deviations of measured ␤Ј are 0.014% and 0.018% for the waveguide and the fiber samples, respectively. The extracted ␤Љ had a better than 1% agreement with the simulation result or with measurement results independently obtained using a balanced Michelson interferometer. Finally, our results obtained on the nanowires are believed to be the first direct experimental verification of GVD inversion in these structures. 
